Introduction
The use of photovoltaic (PV) technology for electric power generation has expanded rapidly over the last 15 years. Within the last decade, widespread deployment of PV systems of sizes up to hundreds of MW has demonstrated the viability of PV technology as a major sustainable power source for the future. Until now, over 90 per cent of installed PV capacity has been supplied by mono-crystalline or multi-crystalline silicon modules. However, it has been argued that the high capital cost of silicon PV technology will limit the potential contribution that PVs can ultimately make. This has stimulated research into a wide range of alternative PV material options, which, as yet, have not become commercial. Meanwhile, the cost of silicon modules has reduced dramatically. In this paper, we review the potential for such new, pre-commercial PV technologies to help solar power to deliver. 
The potential of solar power to deliver (a) The solar resource
The amount of accessible solar power received by the Earth is easily adequate to meet global electricity needs, and indeed global primary energy needs. Of the 3.9 × 10 6 EJ of solar energy falling on the Earth every year, some 5 × 10 4 EJ could readily be harnessed after accounting for useable land area and weather conditions [1] . This value greatly exceeds both the global annual primary energy demand (508 EJ in 2009) and the global annual electricity demand (62 EJ in 2009) [2] . The resource continues to exceed demand according to future projections that see primary energy demand rise by between 20 and 40 per cent and electricity demand potentially doubling by 2035 [2] .
Solar power is also a universal resource: irradiance is distributed fairly consistently across the Earth's surface such that even northern latitudes receive sufficient irradiance to provide a significant fraction of energy needs, even in high population density areas. In the case of London, a high-latitude, cloudy and densely populated city, the population of around 8 million consumes 13.5 TWh of electricity per year, including local industry and transport [3] . This results in an electricity consumption of 1 W m −2 over the area of London (1572 km 2 ). This electricity demand could be easily met by the average solar resource received by the city of 134 W m −2 [4] . With a power conversion efficiency of 15 per cent (typical for modern technology), then London's total electricity needs could be supplied using 5 per cent of the city's land area, potentially feasible given that 14 per cent of London is covered by buildings [5] . An increasing proportion of major world cites are in areas of considerably higher insolation, where PVs could provide substantially higher demands.
(b) Demand matching
A major issue in the transition from conventional power sources to renewables is that solar power, like other renewables, is an intermittent energy source and cannot provide all our energy needs without either supplementary power sources or energy storage. There are several workable solutions to this intermittency. One is to supplement the renewables with a flexible technology, such as gas, that can be rapidly switched on when needed to ensure reliable supply; this has been shown to be possible at a reasonable cost [6] . Another is to take advantage of the complementary output of other renewable energy technologies, such as wind power, which often peaks when solar output is low [7] .
In the longer term, improved, larger and smarter electricity distribution systems will enable the sharing of intermittent generation across regions of differing supply and demand profiles, reducing overall variability in generation [8] , while consumption profiles will tend to adapt to better match the available output. PVs enable the democratization of power and encourage consumers to shift energy use to times of peak solar production in order to maximize the economic returns of PV systems [9] .
Importantly, the variability of solar power generation is not always a problem, especially in industrialized countries where solar generation matches the daily demand peak. Germany now has 25 GW of PV capacity installed [10] , which contributes around 4 per cent of daily electricity production in Germany, rising to 20 per cent over the sunniest 24 h periods [11] . Figure 1 demonstrates the excellent demand matching of PV electricity production over the course of the day. Such matching would also be expected in countries where air conditioning is a major peak time load. Given that building excess conventional capacity to meet peak demand is expensive, solar generation can benefit the overall electricity price [12] . significant role, delivering up to 16 per cent of global electricity by 2050 [13] . It is, therefore, relevant to consider the actual rate of growth of PV capacity in comparison to the projected growth that is required to meet emissions targets. Figure 2 shows that, given historic growth rates, even the most optimistic future projections appear achievable, provided there are no unforeseen resource shortages. PV technology does not exhibit the problems of long lead times associated with large-scale centralized generators such as nuclear power, enabling it be rapidly deployed to meet rising energy demands. Indeed, the rapid growth of PV capacity over recent years has greatly exceeded earlier projections for PV [14] , and is expected to continue for the coming years [10] . Historic growth has also exceeded those for wind, nuclear and gas powered generators.
(d) Reaching cost competitiveness
Silicon (Si) PV have shown dramatic cost reductions over the past few decades and are now becoming economically viable in some major markets [15] . [16] . The cost of Si-based PV technology is expected to continue to fall through incremental improvements in design and manufacture [17] . The barrier of high capital costs is also being tackled through innovative business models in both the developing world, where new products such as the Indigo pay-as-you-go model are being trialled [18] , and the developed world, where more flexible finance mechanisms are being introduced. Against this picture where Si-based PV power is being integrated as part of the energy mix, where generation costs are becoming competitive with conventional technologies and where PV supply can be matched to peak power usage in some, industrialized, countries, we now ask the question what emerging PV technologies can offer, and whether or not they can influence the potential of solar power to deliver in terms of the projections in figure 2 .
There are several aspects to the question, namely, the efficiency of power conversion, the costs of PV capacity and of power generation, the sustainability of resources, the rate of production of capacity and the range of applications. We address several of these issues next.
The role of new photovoltaic technologies
The search for cheaper routes to solar PV energy conversion has engendered a wide range of materials and device concepts, most of which are not yet commercially available. The most interesting options are those that embody a radical change in processing or device function. Among these are devices based on molecular absorbers, such as organic heterojunctions [19] and dye-sensitized solar cells [20] , both of which can be manufactured from solution; devices based on new inorganic semiconductors, especially those based on semiconductor nanoparticles that again are amenable to solution processing [21] ; and devices involving semiconductor deposition through low-temperature processes on to flexible substrates [22] .
(a) Cost reductions
Much of the last decade's research into PV materials, and commercial development of thin-film PV technologies such as cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS) has been stimulated by the high cost of crystalline silicon modules. Although Si module costs have reduced beyond expectation and thin-film CdTe is already in production at costs below $1/W p [23] , new technologies that use cheaper materials and high-throughput manufacturing techniques, such as using printing or coating, are expected to achieve even lower module costs. For example, for organic PV, costs of $0.5/W p have been predicted for large-scale manufacture of modules using solution processing [24] . When developing technologies with low potential module costs, the balance of systems (BOS), i.e. the mounting structures, electrical connections and installation, quickly becomes a large fraction of the generation cost. While BOS costs are always relevant, reductions in module cost accentuate the need to reduce BOS costs and focus effort on this issue earlier than might be the case for Si. New material technologies offer the potential to reduce BOS costs through the light weight of the thinner modules, for example, by integrating the module into building components, or into flexible structures or textiles in the case of ultra-light modules such as those made from plastic semiconductors. Molecular-based PV technologies additionally offer colour and semi-transparency, enabling a wider range of methods to integrate modules and make better use of available surfaces. Lighter, flexible modules may also provide the stimulus for innovative electrical interconnection technologies. Addressing a variety of materials technologies in parallel will stimulate a variety of approaches to the application and interconnection of modules, and this variety of ideas may benefit PV technology as a whole.
(b) Potential for growth
A second issue is the influence of PV material technology on growth of installed PV capacity. Here, abundance of the materials used is relevant since sustained growth requires continued The calculation subtracts the carbon emissions avoided due to electricity generated by PV from additional emissions due to manufacturing new capacity, assuming that PV capacity is operational 6 months after manufacture. Installed capacity is assumed to grow to 20 GWp over the next 10 years, in line with UK government targets. Calculations are based on an annual insolation of 1100 kWh m −2 . Carbon intensity of manufacture is based on [29, 30] , while avoided emissions are based on the average emissions factor of the UK grid of 594 gCO 2 eq kWh −1 [31] . Solid line, mono-crystalline silicon PVs; dashed line, organic PVs.
availability of materials at consistent cost. Established second-generation PV technologies such as CdTe and CIGS suffer from limited availability of key elements such as indium and tellurium [25] , while Si technology faces a potential shortage of silver. This situation has stimulated research into alternative thin-film material technologies based only on abundant elements, such as kesterites [21] , and alternative contact materials such as copper [17] . The drive towards new semiconductors for PVs has extended to varieties of inorganic semiconductors that may be processed directly from solution [26, 27] . The latter development follows advances in the design, synthesis and processing of semiconductor nanoparticles, typically for applications in sensing or optoelectronics, and offers the intriguing potential of PV devices that combine the rapid and low-cost production techniques of organic semiconductors with the optoelectronic properties of inorganics.
The rate of expansion of PV capacity is also influenced by the barriers to manufacture in terms of capital cost of plant and technical expertise required, and by the rate of growth or deposition of the active materials. Novel, printable PV technologies, such as organic or printed inorganic materials, may enable accelerated growth of PV technology, by making use of existing knowhow and experience of processing techniques from established industries and using idle printing capacity. In addition, the low capital cost of manufacturing equipment and the scalable nature of such technology lower the barrier to entry for new manufacturing companies [24] .
The rate of growth of capacity is a relevant quantity in meeting emissions targets. Since new capacity additions require carbon emissions to manufacture such capacity, the carbon intensity of manufacture of the technology can influence its potential for carbon mitigation. The carbon intensity of manufacture for printed organic PVs, for example, has been shown to be considerably lower than for Si [28] , thus allowing for faster reductions in carbon emissions. Figure 3 illustrates the projected effect on carbon emissions of two scenarios comparing the growth of new technologies, and more carbon-intensive Si technology. Higher growth of a lowcarbon intensive technology would enable more carbon to be displaced in the near term; while in the longer term, higher efficiency technologies would enable better use of land area to maximize carbon mitigation. Thus, lower efficiency technologies with potential for rapid expansion may play a role in meeting interim emissions targets. While emerging PV technologies have so far delivered power conversion efficiencies that are inferior to those of the best Si and III-V devices, the study of new materials does not necessitate inferior performance. The study of very different device concepts generates more thorough understanding of the fundamental mechanisms of PV devices and enables lateral thinking regarding common issues. Ideas stimulated by the need to improve emerging technologies may often also be applied to conventional solar technologies (figure 4). The use of molecular and nanoparticulate materials is especially interesting in these respects. Quantum confinement of charges and excitations in nanoscale absorbers influences the rates at which charge and energy transfer processes occur. This means, first, that the dynamics and yield of these processes can be explicitly studied, for example, using spectroscopic techniques and taking advantage of the spectroscopic fingerprint of excited states in such nanoscale systems [20] . Such studies enable a detailed analysis of the energy and charge losses at each stage between initial photoexcitation and charge collection in a way that would not be possible in classical semiconductors [32] . Moreover, the potential to control the rates of relaxation and transfer by controlling chemical structure opens up the possibility to improve energy efficiency over conventional devices by reducing the fraction of absorbed solar energy that is lost during thermalization. That is essentially the goal behind the efforts to enhance multiple exciton generation in nanoparticle-based solar cells [33] . The more recent observation of singlet fission in organic [34] and hybrid [35] heterojunctions is an alternative approach to reduce thermalization losses by exploiting the particular properties of excitations in molecular systems.
Finally, the study of novel technologies can provide innovations that benefit established PV technologies. For example, light-harvesting techniques developed to improve light absorption in thin devices of novel materials, e.g. using nanoparticle-based plasmonic effects or patterned electrodes, can be applied to improve light harvesting in more established PV device types when thicknesses are reduced. Similarly, the development of new electrode materials to enable selective contacts in undoped novel PV devices may enable improved function or lower cost fabrication of devices from established PV technologies.
Conclusion
Although conventional PV technology, largely based on Si, is making impressive and growing contributions to energy supply, there are still compelling reasons to address new material technologies. Abundant and mass processable materials have the potential to offer cheaper module manufacture, while the particular properties of new materials (weight, colour, flexibility) open up routes to reduced BOS costs, further reducing electricity costs. New technologies with the potential for rapid growth in production capacity can help make early contributions to carbon emission mitigation. Scientific efforts to understand and improve the performance of new PV device concepts help to identify possible routes to better energy conversion efficiency through both radical innovations in device design and incremental improvements in structure and materials. Ultimately, the maturing of these emerging PV technologies will act to accelerate reductions in system and electricity costs within the context of a growing industry, as has already been demonstrated in the case of silicon.
